High resolution atomic force microscopy has been applied to the imaging of intact human ocular mucins in a near-physiological buffer. The mucins displayed a range of lengths from several hundred nanometres to several microns. By varying the ionic composition of the imaging environment, it was possible to image molecules rigidly fixed to the substrate, and also the motion of single molecules across the substrate. From static molecular images, high resolution line profiles show a variation of up to ± 0.75 nm in thickness along the molecule. This variation is localized in regions of several tens of nanometres. It is interpreted in terms of the varying glycosylation along the mucin, and is consistent with the known size of oligosaccharides in ocular mucins. The dynamic images indicate the possibility of following mucin interactions in situ.
Introduction
Eyes are covered by a gel which provides mechanical protection, optical smoothness, and which sustains the exchange of nutrients and signal molecules between the periphery and the avascular cornea (Corfield et al., 1997) . Mucins, secreted by surface epithelial cells, impart non-Newtonian viscoelastic properties to the gel sheared by lid movements (Tiffany, 1994) . These molecules, densely-glycosylated, very large polymers, have most of their oligosaccharides O-linked to Serine or Threonine in the peptide core. Secreted mucins are built of a number of subunits, probably all products of the same gene. Each subunit has densely glycosylated domains flanked by domains of sparser glycosylation which may be rich in Cysteine (Cys) residues (Gum, 1992; Desseyn et al., 1998) .
In solution, mucins behave as flexible rods of varying diameter and display a range of covalent and non-covalent associations. Measurements of gyration radii indicate that in a gel mucins entangle (Carlstedt et al., 1985; Sheehan et al., 1995; Carlstedt and Davies, 1997) . Two models have been proposed for polymeric mucins: a model of organization around a central entity, and one of linear concatenation. The windmill model (Allen, 1983) proposes four subunits linked to a central peptide, while Mehrotra et al. (1998) proposed that MUC7 molecules associate through interactions between Cys groups in their less-glycosylated domains. The linear model (Carlstedt et al., 1985) has been confirmed by electron microscopy (Thornton et al., 1990; Jumel et al., 1997) , and scanning tunnelling microscopy (Roberts et al., 1995) .
Direct imaging of molecular morphology is an important alternative and complementary means of characterising molecules. It may provide information hidden by the averaging involved in other physical methods. Mucins of varying physiological origin have been studied by electron microscopy (EM). Two highly glycosylated domains of rat intestinal mucin were observed as linear chains with local increases in thickness when deposited on mica with a spreading agent (Carlstedt et al., 1993) . Reduced subunits of cervical mucins were observed to be linear fragments 200-600 nm in length (Sheehan and Carlstedt, 1984) , while Mikkelsen et al. (1985) found native bronchial mucins to be linear and polydisperse in length, with contour lengths varying from 300 to 2500 nm. The effect of the drying method has been studied for gastric mucin ; the linear structures observed on air-drying are contrasted with polyhedral-linear linker structures observed by critical point drying.
With careful use of EM preparative techniques spatial resolution of the order of 1-2 nm may be achieved. The advent of AFM, however, has enabled biopolymers to be observed to sub-nanometre resolution, and in a hydrated state (McMaster et al., 1996; Baker et al., 1997) . Moreover the use of AFM permits molecular processes to be followed in real time (Thomson et al., 1994; Guthold et al., 1994; Kasas et al., 1997; van Noort et al. 1998) . The basis for using AFM to measure length, thickness, and other physical parameters is well established in the study of DNA (Cherny et al., 1998) . Length and height measurements from AFM micrographs have been used to deduce the mode and site of binding of various DNA ligands (Coury et al., 1996; Allison et al., 1996; Lyubchenko et al., 1997) . The use of AFM micrographs showing surface-absorbed molecular morphologies to probe three dimensional solution structure of DNA has been well described (Rivetti et al., 1996; . A similar AFM approach has been used to analyze scleroglucan networks and deduce a Flory-like exponent (Vuppu et al., 1997) . High resolution AFM of bacterial polysaccharides has resolved a 5 nm molecular spacing in acetan (Kirby et al., 1995) . Measurement of molecular length and height distribution has been performed for 1→6 branched (1→3)β-D-glucan (McIntire et al., 1995; McIntire and Brant, 1998) . The predominance of the double helical form of xanthan has been deduced from the height distribution of a xanthan fraction (McIntire and Brant, 1997) .
We have imaged purified mucins, unmodified, and in a near-physiological aqueous environment, HEPES buffered pH 7.6, without any drying steps. Tapping mode under liquid has allowed us to minimise sample deformation from the tip motion. This paper presents an assessment of mucin molecular dimensions and of variations in their topography and structure along their length. The effect of ionic environment on adsorption to the substrate and the possibility of using the liquid environment to follow molecular interactions will also be discussed.
Experimental

Material
Mucins have been isolated from fragments of human cadaver conjunctivae by classical mucin extraction and purification methods (Berry et al., 1996) . Briefly, mucins were extracted with a chaotropic solvent, guanidine hydrochloride (4M GuHCl) and protected from degradation by a cocktail of protease inhibitors (1mM phenylmethylsulphonylfluoride, 5mM EDTA, 0.1mg/ml soybean trypsin inhibitor, 5mM N-ethylmaleimide, 10mM benzamidine). Mucins were isolated from other glycoconjugates on a Caesium chloride gradient, and fractionated according to molecular size on Sepharose CL2B gel filtration. For AFM we chose material from the isopycnic range 1.35-1.45 g/ml and too large to be fractionated by gel filtration. The analysed molecules were drawn from the classical isopycnic range of mucins, which is relatively free of protein or nucleic acid contamination; the first would be more buoyant, the latter much less so (Carlstedt et al., 1983) . The expected monotonic decrease of absorbance at 210 and 260nm between 1.15 and 1.55 g/ml buoyant density confirmed the absence of nucleic acids in our samples. This approach has been used in electron microscopy of mucin fractions (Mikkelsen et al., 1985) . The mobility on 1% agarose gels of excluded Sepharose CL2B fractions confirmed the presence of very large, glycosylated molecules (Figure 1 ), some of whose peptide cores cross-react with antibodies against MUC5AC (Berry et al., 1996) . Shortly before microscopy mucins were dialysed against sterile deionised, and distilled water (USF Elga Ltd., High Wycombe, U.K.) or against 4M GuHCl, and maintained at 4 °C until deposition on mica.
Atomic Force Microscopy
All the images were obtained in liquid using tapping mode AFM. A 5 µl drop of the mucin fraction was spotted onto freshly-cleaved mica and left for 30 seconds. The substrate was then washed with an excess of pure water. A 50 µl drop of imaging buffer (1-10 mM NiCl 2 and 10 mM HEPES) was placed on the mica. The liquid cell was positioned on the sample and the imaging conducted without the use of the O-ring. Oxide-sharpened silicon nitride contact mode cantilevers were used, most commonly the 100 µm long cantilever with a nominal spring constant of 0.38 Nm -1 (manufacturer's figure). The cantilever was driven at frequencies around 8 kHz.
Full contour length line profiles were determined with a custom-written image analysis tool using the PV-wave programming environment. On magnified AFM images of the molecules, points were chosen which defined straight-line segments of the molecules. The completed line was optimised to the highest point at each junction using a 3 x 3 matrix of surrounding pixels. Line profile widths of 1, 3, and 5 pixels were obtained to average the height variation across the width of the molecule.
Results and Discussion
Mucin polymers
Figure 2 shows typical images of the mucin molecules spread on the mica surface. The molecules exhibit a wide range of lengths from a few hundred nanometres up to several microns. The molecules which appear as individual entities are linear and unbranched. The molecular thickness is observed to vary continuously along the contour length of the molecule. The protocol adopted to ensure adequate adhesion of the mucins to mica in liquid was adapted from methods used for DNA imaging (Hansma and Laney, 1996; Rivetti et al., 1996; Bezanilla et al., 1995) . With regard to ocular mucin molecules, this approach was based on biochemical analysis of this human mucin fraction, which has shown the presence of negatively-charged sialic acid and sulphate moieties on the oligosaccharide side-chains (Ellingham et al., in press) , and on similar results with canine ocular mucins (Hicks et al, 1998) . The presence of divalent cations in the mucin imaging buffer is expected to perform similar surface attachment functions as it does in the case of DNA.
Artefacts of molecular association can arise when isolation or purification procedures irreversibly denature mucins (Corfield et al., 1997) . To avoid aggregation, freeze drying or ethanol precipitation were avoided, and mucins were maintained in solution during isolation and purification. These conditions are likely to minimise distortion of molecular architecture while allowing the fully extended molecule to deposit on the mica. Nonphysiological variations in width due to solvent-sample interactions, i.e. glycerol-sugar interactions are also avoided. Some mucins were deposited on mica from solutions containing the chaotropic salt guanidine hydrochloride to maximise linearisation of molecules. The overall appearance of mucins changed only very little (result not shown), suggesting that the interaction of sugar moieties with the hydrating liquid dictates the molecular topology.
A variation in molecular size was expected, since the fractions we analysed contained all mucins which are too large to be fractionated by Sepharose CL2B. However, some of the fragments observed in the AFM images were too small to belong in this fraction. Similar polydispersity of mucin lengths was observed in bronchial mucins, isolated in urea (Mikkelsen et al., 1985) , and was ascribed to the presence of proteolytic activities in the sputum. In our preparation proteolytic activity was inhibited until the last stage of preparation (dialysis) and imaging. Sample degradation during these stages may account for some of these small molecules, since they were less frequently observed in samples deposited from a chaotropic solvent. We cannot however discount the possibility of the small fragments having a special linkage to others, which may be destroyed by the ionic conditions of the AFM imaging environment. Interactions with the tip are unlikely to be the cause of random break-up of the polymers as the number of small fragments did not increase on repeated scanning. Entanglement seems to be the preferred mode of molecular association, even in dilute solutions. This phenomenon may be sufficient to explain the shear dependence of tear viscosity (Tiffany 1994 ). An ability to entangle, coupled with reduction of drag by minute concentrations of polymers in solution, may be the physical basis of the physiological function of mucins in tears. While long molecules clearly are linear polymers, smaller polymers may form non-linear arrangements. Interactions between Cys-rich domains (Mehrotra et al., 1998) have been deduced for the small salivary mucin MUC7, and are possible between hydrophobic regions of mucin molecules, e.g. in MUC4 (Nollet et al., 1998) . However, we have no evidence of such associations in the native secreted ocular mucins in our AFM images.
High resolution imaging of molecular topography
High resolution images of single extended molecules reveal a detailed sub-molecular architecture. Figures 3(a) and (b) shows two such extended molecules. Figure 3(c) is a line profile along the full contour length from top to bottom of the longer mucin molecule in Figure 3(a) . Short sections of the substrate are included at the start and end of the molecule to provide a reference level for height measurements. The thickness of the mucin at the crossover point is 1 nm as deduced from the height of the two overlaid molecules. Accurate measurement of heights, and thus molecular thicknesses, in AFM is dependent on two factors: effect of the probe on molecular conformation, and calibration of the microscope itself. The compressive effect of the AFM probe in contact mode imaging and the consequence for accurate molecular height measurements is well-known (Yang et al., 1996) . Liquid tapping mode imaging, however, entails a less harsh mechanical interaction with the sample and has been shown to yield true molecular heights on biological samples (Schabert and Rabe, 1996) . Calibration of the microscope used in this study was based on measurement of lattice spacings of stepped cellulose microcrystals (Baker, 1998) and of steps on a mica surface following the protocol of Fritz et al. (1995) . Both approaches indicated that z-measurement was accurate to better than 10%. In these circumstances, measuring the thickness in the z-direction is more accessible and more reliable, since AFM measurements of molecular width in the substrate plane are invariably subject to broadening due to tip convolution effects (Villarrubia, 1996; Xu and Arnsdorf, 1997) .
The line profile in Figure 3 (c) shows a marked variation in molecular thickness along the molecule. This variation is commonly 0.5 nm about the 1 nm level and up to 0.75 nm in places. The narrowest regions are coincident with the thinnest parts of the profile. That these variations are not a function of the background is supported by the observations that specific increases and decreases in thickness regularly extend over tens of nanometres, and also by the relative flatness of the accompanying line profile over the mica background shown in Figure 3(d) . The variation on the mica surface is of the order of ± 0.2 nm with occasional rare and localized noise spikes, significantly less than along the mucin molecules.
Another example of an extended mucin molecule line profile is shown in Figure 3 (e). In this particular imaging experiment, the mica background is somewhat rougher and the mean thickness of the mucin is closer to 2 nm, but the molecule still displays a variation in thickness along its length. The overall nature of the profile is unchanged when the line profile is averaged across 3 pixels of the optimised contour length line as shown in Figure  3 (f). Further averaging would be unhelpful as the background contribution would begin to have a sizeable effect.
The localized nature of the thickness variation and its longitudinal extent may be more clearly seen in the line profiles of higher magnification portions of one of these molecules in Figure 4 . It may be seen that the higher regions of the molecules also appear to be wider in the substrate plane (and vice versa), confirming our treatment of mucin molecules as cylinders of non-uniform diameter. The beaded nature is clearly not a function of the background mica, but is instead attributable to molecular structure. Central to the understanding of mucin structure are the highly-glycosylated domains, which are widespread in mucins and are known to confer rigidity and extend the peptide backbone (Carlstedt and Davies, 1997) . These domains would interact with the mica principally through their oligosaccharides. Regions of dense O-glycosylation alternate with regions of low glycosylation. This may be the source of the observed thickness variation. Data on mucins from other systems can not be used to determine the lengths of the different domains because for the same mucin gene, the lengths of the highlyglycosylated domains will be different in the different tissues, as mucin genes and their RNAs show considerable allelic polymorphism (Debailleul et al., 1998) , which is tissue specific and stable in normal adult physiology. The regions of lowest height, see Figure  4 (c) and (d), are likely to represent "naked" peptide core as the thickness at these locations is very close to the 0.36 nm expected for a fully-extended amino acid chain (Mikkelsen et al., 1985) . The maximum molecular thickness along the human ocular mucins is significantly smaller than that described for metal-coated pig gastric mucins in an STM experiment (Roberts et al., 1995) . The dimensions of the molecules in figures 3 and 4, transverse to the long axis, are consistent with oligosaccharide side chains that comprise no more than 3 or 4 sugars, as predicted by the chromatography of oligosaccharide side-chains obtained by β-elimination from mucins of the same buoyant density ( Figure 5 ). Compared with mucins from other systems (Carlstedt et al., 1993 , Sheehan and Carlstedt 1994 , Mikkelsen et al. 1985 human ocular mucins appear to show much less variation in thickness along their length, though naked linkers are clearly present. It is tempting to propose that constancy of diameter is a requirement for transparent gels (Maurice, 1957; Smith, 1988) .
The contribution of the polypeptide backbone to the molecular morphology needs to be considered. Depending on its genetic determination, this core may contain a number of Cys residues, some of which, at the C-terminal, may form Cys knots. The structure of these regions may be influenced by interactions with the substrate or the imaging solution. MUC5AC, the gene which encodes the most abundant secreted ocular mucin, generates a polypeptide with 10 Cys residues . While cysteine knots would be readily detectable by AFM, these results neither confirm or disprove their presence in this sample. Identification of Cysteine residues is necessary to distinguish between local thicker regions being part of a C-terminal knot or a region of glycosylation.
In situ observation of molecule movement
In 10 mM NiCl 2 imaging buffer, the molecules are rigidly fixed and are not observed to move in successive scans. No portions of the molecules are observed to move independently of the overall profile, indicating that binding is occurring all along the molecule length. This is consistent with our knowledge of mucins, as glycosylation is present along the whole length of the molecule, although it varies in density. The clearest determinations of molecular height were performed on images obtained in high divalent cation concentration. At lower divalent cation concentrations (2 mM), the molecules still exhibit a variation in thickness along their length (Figure 6 ), although this is close to the lower limit in concentration for mucin binding to be sufficient for stable AFM imaging. This would indicate that the thickness variation is not a consequence of rigid pinning of the molecules to the substrate. Measurement of height variation in this buffer may be misleading because of the movement.
Over time mucins were observed to move across the surface, as shown in the sequence of images in Figure 7 . Large non-mucin objects fixed on the mica substrate help to track the motion of the molecule, and indeed may slow down the motion of the mucin molecules across the surface. From examination of pairs of consecutive images, some stretches of the molecule appear to be more tightly bound to the substrate than others. This may also be an indication of the varying degree of glycosylation along the molecule length, as greater binding in a divalent cation environment would be expected to correlate with a greater density of negatively-charged oligosaccharides. A degree of molecular movement is a prerequisite for chemical reactions to proceed whilst imaging in AFM (Thomson, et al., 1996; van Noort et al., 1998) . It is unclear whether adherence to mica in low glycosylation regions is still through oligosaccharides, or through core amino acids. We have observed anti-core antibodies decorating mucin molecules, but this appeared to further diminish the interactions between mucin and substrate. The persistence of the beady appearance, both when the molecules were moving during the tip raster and when they were firmly adsorbed to the substrate, would indicate that we are observing a true molecular architecture independent of binding strength.
Conclusions
Using AFM in the liquid tapping mode has enabled us to image single, whole mucin molecules, which have been maintained in a hydrated state. The largest secreted human ocular mucins appear as easily tangled, but linear polymers. Small fragments have been observed, which may have been differently associated to elute among the largest molecules. That they are not detectable with biochemical techniques highlights a significant advantage of an AFM-based approach for the analysis of mucin populations. The marked and localized thickness variation along the mucin molecules is consistent with a biochemical assessment of oligosaccharide chain lengths. The ability to image small but marked variations in molecular thickness may indicate the basis of a technique for probing the pattern of glycosylation on glycoconjugates.
Figure Caption
Figure 1: Electrophoretic mobility of mucin molecules. Mucins from the excluded fraction (Vo) of a Sepharose CL2B gel filtration column have been subjected to electrophoresis in 1 % agarose gels. The profile of cross-reaction with wheat germ agglutinin, used here as a general carbohydrate reagent, is shown in vacuum blots. The range of mobilities illustrates the polydispersity which is typical of mucin molecules, whose size and charge dictates a mobility lower than that of the 220 000 molecular weight marker indicated in the picture. No high mobility components could be detected in native mucins (N) or after trypsinization (T) or reduction and alkylation (R/A), suggesting that the small fragments seen in AFM are products of a different type of association. The movement of a single mucin molecule across the mica substrate. The time at the end of each image is relative to image 1. The circled feature provides a reference point to assess the degree of molecular motion.
